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1
VIBROTHERMOGRAPHIC WELD
INSPECTIONS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This patent application claims the benefit of U.S. Provi-
sional Patent Application No. 61/484,319 filed on May 10,
2011, which is incorporated herein by reference in its entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to the inspection of welds
using vibrothermography, and, more particularly, the present
invention relates to inspecting and determining the quality of
J-groove welds of a nuclear reactor pressure vessel (RPV)
head and the RPV bottom mounted nozzles (BMNs) using
vibrothermography.

2. Description of the Related Art

Nuclear reactors have a reactor cover or closure head
through which a series of openings having tubes extending
therethrough to the inside surface of the reactor are welded to
the closure head by J-groove welds. These tubes have control
rod drives and instrumentation packages sealably extending
into the reactor internals. Similarly, the bottom portion of the
RPV contains penetrations with instrumentation packages
that are also connected to the RPV via J-groove welds.

Certain parts of the reactor vessel head are known to be
susceptible to stress corrosion cracking. Many reactor heads
have been completely replaced well before the planned
design life because of extensive cracking in the nozzles and/
or J-groove welds. The J-groove welds must be inspected
during reactor shut down for any cracks that may have devel-
oped in the welds. Such inspections are usually made from
beneath the reactor head with the head on a supporting head-
stand during normal refueling periods. J-groove welds are
difficult to inspect due to the complex geometry and high
radiation fields under the head. Visual techniques are known
to have difficulty with very small, tight surface cracks, espe-
cially on rough surfaces or after certain processes (i.e., grind-
ing are used to improve surface finish for inspection. Standard
nondestructive examination techniques such as eddy current
and dye-penetrant examinations are the typical inspection
approach used; however, application of these techniques is
time-consuming in an operational environment where delays
associated with inspections are undesirable. If ultrasound
techniques are used for an RPV head inspection, the water
couplant must be managed and disposed of following the
inspection. Dye-penetrant techniques also suffer from disad-
vantages including requirements for cleaning the surface, a
process that can involve significant volumes of solvent and
chemicals.

High radiation under the reactor head makes it undesirable
for personnel to perform these inspections by direct contact
with the components; thus, various robotic elements are used
to remotely access these welds with the mentioned nonde-
structive testing machinery. The robotic challenges with these
techniques are significant, typically requiring a close prox-
imity or actual contact to the tested weld surface which is
difficult to achieve with the robotic delivery devices and the
remotely controlled tools used to access the welds.

Thus, some form of nondestructive remote inspection of
J-groove welds that did not require close proximity or contact
with the welded surface, nor the exact robotic manipulation
associated therewith (which is difficult to implement), was
needed. One such form of testing is described in U.S. Pat. No.
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6,856,662, the disclosure of which is incorporated herein by
reference. This patent describes a photothermal inspection
method, which includes sequentially heating small areas of a
weld using a laser while monitoring the weld area using a
remote infrared camera. The laser and camera are positioned
at an angle of approximately 45° to the inspection surface
normal. At cracks or other anomalies (referred to herein col-
lectively as cracks), the thermal wave imparted by the laser
does not propagate as rapidly, thereby producing an indica-
tion of the crack as a sharp drop in the thermal scan at the point
of'the crack. The temperature differential is detected using the
infrared camera.

While the photothermal inspection method of the *662
patent is an improvement over prior J-groove weld inspection
methods, it is desirable to use a nondestructive inspection
system and method that allows for a quicker inspection.

SUMMARY OF THE INVENTION

The present invention is related to a system and method of
inspecting the J-groove welds of a nuclear reactor vessel head
or BMN using vibrothermography. The weld to be inspected
is subjected to a transient sonic excitation while the weld area
is monitored using a remote infrared camera. The sonic exci-
tation induces mechanical vibration, which causes heat gen-
eration at any cracks in the weld. The infrared camera detects
any temperature differentials in the weld, indicating the pres-
ence of a crack. For underwater examinations, as in the case
of a BMN, a cofferdam may be used to purge the water
surrounding the J-groove weld to make the inspection process
possible.

This vibrothermographic inspection is quicker than photo-
thermal inspection. The vibrothermography system and
method utilizes much larger inspection areas, eliminating the
need to work incrementally with small inspection areas.
Vibrothermographic inspection is a form of active thermog-
raphy wherein the applied external stimulus causes the defect
itself to generate heat. The sonic excitation stimulus of vibro-
thermographic inspection is effective regardless of the angle
of attack to the weld. Likewise, detection of the crack’s heat
signature is largely independent of the camera angle relative
the inspection zone. Thus, the setup for vibrothermographic
inspection is easier and quicker. For all of these reasons,
vibrothermographic inspection is an improvement over
known inspection techniques. Vibrothermography is also not
sensitive to the surface roughness of an inspected object (as
long as there is a line of sight to the inspected areas) and
vibrothermography can deal with complex geometries/sur-
faces much better than ultrasound or eddy current since the
camera is an optical device only requiring line-of-sight access
to the target surface.

The method of inspecting a J-groove weld in a nuclear
reactor may include providing a vibration device and an
imaging device near the weld. The vibration device may make
physical contact with the weld to be inspected, but more
preferably does not make contact with the weld. The vibration
device is used to impart acoustic energy to the weld under
inspection, and may impart one or more of a range of frequen-
cies to the weld. The range may extend from near DC fre-
quencies to over 50 kHz, and preferably extends to over 100
kHz. The imparted acoustic energy is chosen so as to generate
vibration of the weld and friction at a flaw that may be located
within the weld, which friction generates heat. The flaw may
be located beneath the surface of the weld, in which case the
generated heat may be transferred by conduction to the sur-
face of the weld.
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The method further includes obtaining a thermal image of
the weld using the imaging device such as an infrared camera.
The image(s) captured by the imaging device is processed and
analyzed to determine the presence of any heat differential
within the image, such as an area of relatively higher tem-
perature caused by vibrational friction at a flaw. The determi-
nation can then be made, based on the analysis, whether a flaw
within the weld or heat affected zone is present.

The inspection method may be repeated a number of times
to inspect multiple J-groove welds within the reactor. As the
vibration device need not be in contact with the weld under
inspection, and furthermore need not be positioned individu-
ally with respect to the weld under inspection, the inspections
of' multiple J-groove welds could be made without reposition-
ing the vibration device.

The vibration device preferably includes a broadband or
single frequency piezoelectric transducer to induce vibration
of the weld, the piezoelectric transducer preferably being
variable to impart a range of frequencies and vibration ampli-
tudes to the weld. The vibration energy transmitted by the
vibration device is chosen so as not to exacerbate any flaw
within the weld under inspection or any other welds in the
proximity of the inspection system.

The inspection system may further include a manipulator
to which the imaging device is coupled, and a communication
system operatively linking the vibration device, the imaging
device, and the manipulator. The system can thus be remotely
controlled to position the camera and/or manipulator as
needed to perform inspections. The vibration device may also
be coupled to the manipulator, allowing the user to reposition
it as needed. The communication system preferably is soft-
ware-driven, synchronizing the inspection system compo-
nents.

DESCRIPTION OF THE DRAWINGS

The present invention is described with reference to the
accompanying drawings, in which like reference characters
reference like elements, and wherein:

FIG. 1 shows a nuclear reactor vessel in which the inventive
system can be used;

FIG. 2 shows close-up of the nuclear reactor vessel of FIG.
1

FIG. 3 shows a preferred layout for vibrothermographic
inspection system of the present invention;

FIG. 4 shows a raw thermal image of a flawed weld sample;

FIG. 5 shows an inspection image of the weld sample of
FIG. 4 generated according to the system and method of the
instant invention; and

FIG. 6 shows a preferred layout for vibrothermographic
inspection system of the present invention in an underwater
environment.

DETAILED DESCRIPTION OF THE INVENTION

Vibrothermography, also known as sonic IR and ther-
mosonics, is a nondestructive evaluation technique that uses
sonic excitation (vibration) to preferentially heat cracks in
metal, ceramics, polymers, and composites. This local tem-
perature change may be detected remotely using an infrared
(IR) camera. This phenomenon and general test approach is
applied to the reactor vessel head by injecting a transient
sonic excitation while monitoring the J-groove weld area with
a remote infrared camera. Any cracks that “light-up” can be
detected and marked for further characterization and evalua-
tion or repair.
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The instant system and inspection method provides advan-
tages over other known vibrothermography or alternative
non-destructive examination inspection systems and meth-
ods. The inventive technique can be implemented with simple
remote tools that do not require complex motions to track the
complex weld surface. The crack indication is visually clear
and can readily be correlated with the exact position on the
structure (unlike, for example, eddy current examination
techniques). The camera can be operated and positioned
remotely from the weld under inspection, reducing radiation
influences on the camera. Unlike penetrant or ultrasonic tech-
niques, there are no chemicals or solvents to manage or dis-
pose of following the procedure. Vibrothermography requires
little or no surface cleaning, and can be performed signifi-
cantly faster than known techniques such as ultrasonic, pen-
etrant, and eddy current examinations. The rate of false calls
(a defect is called when none is present) for vibrothermogra-
phy is lower than with most other nondestructive examination
techniques. See, for example, J. DiMambro et al., “Sonic
Infrared (IR) Imaging and fluorescent Penetrant Inspection
Probability of Detection (POD) Comparison,” American
institute of Physics, AIP Conf. Proc. 894, pp. 463-470, 2006.

A known nuclear reactor vessel 1 is shown in FIG. 1, and an
exemplary head 10, tube 12, and J-groove weld 14 configu-
ration is shown in FIG. 2. The vessel 1 has a series of Inconel
600 control rod drive tubes 12 extending through the dome of
the reactor head 10. The carbon steel dome is clad with
approximately 0.5 in. of stainless steel. The tubes 12 are
welded to the head 10 by a known J-groove weld 14, which
must be inspected for flaws during reactor refuel and main-
tenance outages to ensure the weld integrity remains intact.

FIG. 3 shows a preferred layout for vibrothermographic
inspection of the J-groove welds 14. The head 10 has been
removed from the reactor vessel 1 and placed on a supporting
head-stand 16, such as during a normal refueling outage. One
or more sonic exciters 20 have been positioned at advanta-
geous positions near the head 10 and/or tubes 12. The exciters
20 can be in contact with the head 10, or tubes 12, and need
not be in direct contact with the welds 14. While three such
exciters 20 are show in the illustrative embodiment depicted
in FIG. 3, more or fewer exciters 20 can be used. Likewise, the
exciter locations shown in FIG. 3 are exemplary; other loca-
tions could be used as determined by the user for the particu-
lar application.

Application of acoustic energy in the instant invention is
novel with respect to known vibrothermographic systems.
One and often more broadband piezoelectric transducers are
preferably used with the instant invention and have been
modified to function underwater. The inventive excitation
system has significantly improved functionality over the
ultrasonic welders, piezoelectric transducers, and variations
thereof used in nearly all other vibrothermographic inspec-
tions. An important aspect of nondestructive testing is that the
testing not create or worsen any existing damage in the equip-
ment being inspected. Typically-used ultrasonic welders have
been shown to grow cracks, and thus fail to be nondestructive.
Moreover, this crack growth can occur quite rapidly, on the
order of 10% to 500% or more growth after approximately
10-15 seconds of excitation. Thus, typical vibrothermo-
graphic inspection systems are not appropriate for use in
environments where equipment integrity and safety are
important, such as a nuclear power plant. The instant excita-
tion system is a lower-power system that does not negatively
affect existent cracks. The instant weld inspection system and
method is therefore appropriate for use in environments
where safety is a primary concern.
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The instant excitation system is also variable, providing a
wider bandwidth of imparted vibration. Whereas most known
systems have a bandwidth of 15-25 kHz or a single frequency
at, typically, 20, 30, or 40 kHz, the exciters 20 preferably are
broadband transducers capable of generating vibrations over
a 50 kHz range of frequencies, and more preferably having a
range of 100 kHz or more, from near DC to more than 100
kHz.

The exciters 20 are robust, and have been modified to allow
them to function in moist, humid, condensing, or underwater
environments. This modification may be achieved, for
example, by coating the exciters 20 is an adhesively-bonded
polymer coating. Other means of such modification will be
apparent to those of skill in the art. Such modification is
particularly useful in the inspection of J-groove welds 14 of a
nuclear reactor vessel head 10 and allows some inspections to
be performed in a noncontact setup by coupling vibrations to
the inspected structure through water. This functionality is
not present in any other known vibrothermography systems.
A cofferdam 30 may be used to purge the water surrounding
the J-groove to facilitate the inspection process. FIG. 6 shows
a possible layout of for vibrothermographic inspection sys-
tem of the present invention of a BMN 18. An air hose 32 and
valve 34 may be used in conjunction with the cofferdam 30 to
replace water within the cofferdam 30 with air. It may not be
necessary to remove all of the water from within the coffer-
dam 30, as shown in the illustrated embodiment of FIG. 6.

Additional benefits of the instant exciters 20 include higher
system repeatability and more compact size allowing fur
inspections in confined spaces.

In use, the exciters 20 are programmed to impart vibration
energy to the tubes 12 and J-groove welds 14. The frequency
of'the imparted energy is a function of the target components,
and includes such considerations as material properties and
dimensions of such components. Preferably, a range of fre-
quencies is imparted from the exciters 20 to the tubes 12 and
welds 14. The imparted energy causes the target components
to vibrate. This vibration causes friction at any crack within
the welds 14, which friction generates heat. This localized
heat signature is detected by the infrared camera 22, which is
positioned to observe one or more of the tubes 12 and welds
14. The instantaneous detection zone of the instant system
and method is much larger than with a photothermal inspec-
tion method. For example, the detection zone of the instant
invention may fully inspect a square foot or larger area in a
matter of a few (i.e., less than five) seconds, whereas the
detection zone of a photothermal system during the same
amount of time may be a ten square inches or less. As the
presence of heat indicates the presence of a crack, the instant
system and method can detect cracks that are internal to the
weld 14 by the heat transfer from the crack outward to the
surface of the weld 14.

FIGS. 4 and 5 illustrate an example measurement. FIG. 4
shows a raw thermal image of a flawed weld sample. While
not seen in this figure, the location of a bad weld is high-
lighted. by the box. An image of the same weld sample after
being subjected to vibration from an exciter 20 is shown in
FIG. 5. This crack is readily detected by its generated thermal
signature and associated image processing.

The camera is coupled to a robotic manipulator 24 that is
used to position the camera 22 as needed to make inspections
of the various J-groove welds 14. As the exciters 20 do not
have to be repositioned for the inspection of each weld 14, the
exciters 20 do not have to be coupled to the manipulator 24.
The user may choose to couple one or more exciters 20 to the
manipulator 24, however, which may eliminate the need for a
separate step of positioning the exciters 20 within the head 10.
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In some instances, it may be possible to detect the thermal
signatures of many cracks from a significant distance, such as
from outside the refueling pool in which the head 10 is posi-
tioned during a refueling outage. In such an instance, it may
be possible for a person to manually handle the camera safely,
foregoing the need to use the robotic manipulator 24, at least
for inspection of the upper portion of the welds 14 (near the
outer surface of the head 10).

Each of the exciter 20, camera 22, and manipulator 24 (if
used) preferably is remotely controlled. Preferably, each of
these components is controlled by software that is either fully
automated or user-driven. The control system allows for indi-
vidual or multiple exciters 20 to be used, and for single
frequency, multiple simultaneous frequencies, and/or fre-
quency sweep excitation modes to be used. If multiple excit-
ers 20 are used, they may be programmed to use the same or
different frequencies or frequency ranges. The control system
can also process the image data captured by the camera 22 to
pick out important information from each test. This software
can be expanded as necessary to incorporate changing tech-
nical requirements.

While the preferred embodiments of the present invention
have been described above, it should be understood that they
have been presented by way of example only, and not of
limitation. It will be apparent to persons skilled in the relevant
art that various changes in form and detail can be made therein
without departing from the spirit and scope of the invention.
Thus the present invention should not be limited by the above-
described exemplary embodiments, but should be defined
only in accordance with the following claims and their
equivalents. Furthermore, while certain advantages of the
invention have been described herein, it is to be understood
that not necessarily all such advantages may be achieved in
accordance with any particular embodiment of the invention.
Thus, for example, those skilled in the art will recognize that
the invention may be embodied or carried out in a manner that
achieves or optimizes one advantage or group of advantages
as taught herein without necessarily achieving other advan-
tages as may be taught or suggested herein.

What is claimed is:

1. A method of inspecting a J-groove weld in a nuclear
reactor, comprising:

providing an electrically operated vibration device near the

weld;

providing an electrically operated thermal imaging device

near the weld;

vibrating the weld with said vibration device;

obtaining a thermal image of the weld with said imaging

device;

analyzing said thermal image; and

determining, based on said analyzing, whether there is a

flaw within the weld;

wherein said providing said vibration device includes posi-

tioning said vibration device in a position such that it is
not in physical contact with the weld; and

wherein said vibration the weld includes operating said

vibration device while said vibration device is in said
position.

2. The method of claim 1, wherein said vibrating includes
imparting acoustic energy to said weld.

3. The method of claim 2, wherein said imparting includes
imparting a single frequency, multiple simultaneous frequen-
cies, or a range of frequencies to the weld.

4. The method of claim 3, wherein said imparting further
includes imparting a 100 kHz range of frequencies to the
weld.
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5. The method of claim 2, wherein said imparting includes
generating friction at a flaw located within the weld.

6. The method of claim 5, wherein said imparting includes
generating friction at a flaw located beneath a surface of the
weld.

7. The method of claim 5, wherein said obtaining includes
obtaining an image of heat generated by said friction.

8. The method of claim 7, wherein said obtaining includes
obtaining an image of heat generated beneath a surface of the
weld and transferred to the surface of the weld.

9. The method of claim 7, wherein said analyzing includes
determining the presence of any heat differential within said
image.

10. The method of claim 9, wherein said analyzing includes
determining the presence of an area of relatively high tem-
perature.

11. The method of claim 9, wherein said determining
includes determining whether any heat differential in said
image results from a flaw within the weld.

12. A method of inspecting a plurality of J-groove welds in
a nuclear reactor, comprising:

providing a vibration device near the plurality of J-groove

welds;

providing an imaging device near a selected one of the

plurality of J-groove welds;

vibrating the plurality of J-groove welds with said vibra-

tion device;

obtaining a thermal image of the selected one of the plu-

rality of J-groove welds with said imaging device;
analyzing said thermal image; and

determining, based on said analyzing, whether there is a

flaw within the selected one of the plurality of J-groove
welds; and

making a plurality of iterations of inspections for others of

the plurality of J-groove welds within the reactor;
wherein inspections of multiple J-groove welds are made
without repositioning said vibration device.
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13. A method of inspecting a J-groove weld between a tube
and a nuclear reactor pressure vessel, comprising:

providing a vibration device near the tube or the pressure

vessel;

providing a thermal imaging device near the weld;

imparting a transient sonic excitation to the weld with said

vibration device;

obtaining a thermal image of the weld with said imaging

device;

analyzing said thermal image to identify the presence of

any heat differential within the weld; and

determining, based on said analyzing, whether there is a

flaw within the weld;

wherein said providing said vibration device includes posi-

tioning said vibration device in a position such that it is
not in physical contact with the weld; and

wherein said imparting the transient sonic excitation to the

weld includes operating said vibration device while said
vibration device is in said position.

14. The method of claim 13, wherein said providing said
vibration device includes providing said vibration device in
the form of a sonic exciter.

15. The method of claim 13, wherein:

said imparting includes generating friction at a flaw located

within the weld;

said obtaining includes obtaining an image of heat gener-

ated by said friction;

said analyzing includes determining the presence of any

heat differential within said image; and

said determining includes determining whether any heat

differential in said image results from a flaw within the
weld.

16. The method of claim 13, including making a plurality
of iterations of inspections for a plurality of J-groove welds
within the pressure vessel, wherein inspections of multiple
J-groove welds are made without repositioning said vibration
device.
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